A trait's genomic architecture can affect the rate and mechanism of adaptation, and although many ecologicallyimportant traits are polygenic, most studies connecting genotype, phenotype, and fitness in natural populations have focused on traits with relatively simple genetic bases. To understand the genetic basis of polygenic adaptation, we must integrate genomics, phenotypic data, ecology, and fitness effects for a genetically tractable, polygenic trait; snake venoms provide such a system for studying polygenic adaptation because of their genetic tractability and vital ecological role in feeding and defense. We used a venom transcriptome-proteome map, quantitative proteomics, genomics, and fitness assays in sympatric prey to construct a genotype-phenotype-fitness map for the venoms of an island-mainland pair of rattlesnake populations. Reciprocal fitness experiments demonstrated that each population was locally adapted to sympatric prey. We identified significant expression differentiation with little to no coding-sequence variation across populations, demonstrating that expression differentiation was exclusively the genetic basis of polygenic adaptation. Previous research on the genetics of adaptation, however, has largely been biased toward investigating protein-coding regions because of the complexity of gene regulation. Our results showed that biases at the molecular level can be in the opposite direction, highlighting the need for more systematic comparisons of different molecular mechanisms underlying rapid, adaptive evolution in polygenic traits.
Introduction
The study of adaptive molecular evolution in natural populations has been limited by the difficulty of linking genetic and phenotypic variation to fitness effects. As such, most studies have used reverse genetic approaches to measure the functional effects of specific mutations in the laboratory (reviewed in Storz 2016) . Many of the fundamental features of evolving systems, such as evolvability, epistasis (Rokyta et al. 2011) , and pleiotropy (Hill and Zhang 2012) , however, may be stronger determinants of evolutionary outcomes in natural populations than in the laboratory; artificial selection and breeding schemes are generally more simplistic than selection and demographic effects in natural settings. Therefore, although functionally characterizing the molecular basis of adaptation is necessary for understanding the predictability of evolution in nature (Rosenblum et al. 2010) , the majority of our knowledge of adaptive molecular evolution is based on experimental evolutionary studies (Storz 2016) .
The genetics of adaptation for particular traits with relatively simple genetic bases, however, have been described in natural populations, such as color variation in mice (Hoekstra et al. 2006 ) and lizards (Rosenblum et al. 2010) , beak morphology in Darwin's finches (Lamichhaney et al. 2016) , and eyespots in butterflies (Zhang and Reed 2016 ) among others; particular mutations have been functionally validated in some, but not all, of these cases (e.g., opsin genes in vertebrates Yokoyama et al. 2008 and toxin resistance in reptiles and other organisms Geffeney et al. 2005) . The genomic basis of evolutionary change in polygenic traits, on the other hand, is poorly understood because the genomic architecture underlying these traits is often unknown despite many ecologically-important traits being the products of many loci (Wellenreuther and Hansson 2016) .
The genetic basis of a trait has specific implications regarding the mechanism underlying adaptive phenotypic change, and differences in genomic architecture can directly influence the rate and mechanism of adaptive evolution (Rosenblum et al. 2010; Lourenco et al. 2013) . A relatively simple genetic basis may facilitate rapid adaptation through novel, large-effect mutations (e.g., Hoekstra et al. 2006; Lamichhaney et al. 2016 ), but could also reduce evolvability, whereas adaptation in polygenic traits may be more likely through many small-effect mutations from standing genetic variation (Daub et al. 2013) . To fully understand the genotype-phenotype-fitness connection for complex traits in natural populations, we need to integrate genomics, phenotypic data, ecology, population-level experiments, and fitness effects for a genetically tractable, polygenic trait (Wellenreuther and Hansson 2016) .
To identify the genomic basis of rapid adaptation for a polygenic trait, we constructed a genotype-phenotypefitness map for the venoms of an island-mainland pair of eastern diamondback rattlesnake (Crotalus adamanteus) populations (fig. 1) ; the island arose < 5,000 years ago (Lopez and Rink 2007) . We used the previously published venom transcriptome-proteome map (Margres et al. 2014 (Margres et al. , 2015 (Margres et al. , 2016a along with target enrichment, quantitative proteomics, and fitness assays to identify the genetic basis of adaptive venom divergence. Because venom genes are not expressed in tissues other than venom glands (but see Casewell et al. 2012) , we expect no significant pleiotropic constraints/crossphenotype associations on mutations affecting toxin protein sequences. Because venoms are secretions, changes in toxin-gene expression levels directly alter protein amounts in the venom and thereby directly influence venom efficacy (Casewell et al., 2011; Margres et al., 2016b) . These unique characteristics of venom allow the straightforward ascertainment of the relative roles of expression versus coding-sequence changes in adaptive evolution for a trait with little inherent bias toward either class of mutation. We characterized the functional effects of the identified sequence and expression variation by conducting reciprocal fitness comparisons in sympatric, wild populations of the primary prey species of C. adamanteus in north Florida, the hispid cotton rat (Sigmodon hispidus); S. hispidus has been shown to comprise $57% of the diet, with the next most abundant species comprising only $14% (Means 2017) . Quantifying total fitness for natural, vertebrate populations is extremely difficult, but foraging success is undoubtedly a critical fitness component. We, therefore, used venom toxicity in natural, sympatric prey as a proxy for fitness because of venom's direct role in feeding and defense. Venom is metabolically costly to produce (McCue 2006) , and increasing toxicity reduces the amount of venom expended per envenomation event, increasing the feeding efficiency of the snake. Therefore, it is predicted that selection will operate to increase venom economy by reducing the amount of venom required to subdue and incapacitate a specific prey item. Our joint genomic, proteomic, and functional approach enabled us to examine both the pattern and process of local adaptation for a polygenic trait in natural populations.
Results and Discussion

Reciprocal Toxicity Assays Identified Local Adaptation
To determine whether either population of C. adamanteus was adapted to local prey, we conducted reciprocal venom toxicity (i.e., fitness) comparisons in island and mainland FIG. 1. Sampling of Crotalus adamanteus and Sigmodon hispidus. We collected venom and/or tissue samples from 15 mainland and 19 island adult C. adamanteus. We live-trapped 45 mainland and 50 island S. hispidus; these individuals were brought back to the lab for toxicity assays. Margres et al. . doi:10.1093/molbev/msx231 MBE S. hispidus populations. We found that both snake populations were adapted to local prey (tables 1, 2, and fig. 2); each venom satisfied local-versus-foreign (local population has higher fitness than population from another habitat) and home-versus-away (home population has higher fitness at home than away) criteria ( fig. 2 ). Island venom was significantly more effective on island prey than mainland prey, indicative of a fitness trade-off, and mainland venom was significantly more effective than island venom on mainland prey (table 2). Venoms were not significantly different in effect within island prey (most likely due to a limited sample size; see Materials and Methods), but the reciprocal pattern was consistent with local adaptation ( fig. 2) .
Local adaptation is the result of ongoing or very recent selection, and we do not expect a single phenotype to be superior in all environments. What we do expect, however, is for each population to exhibit fitness trade-offs because of genotype-by-environment interactions. Consistent with these expectations, we found that each venom phenotype exhibited an allopatric cost (table 2 and fig. 2 ). This dynamic was much more pronounced in the island population, potentially reflecting a greater degree of dietary specialization relative to mainland individuals; S. hispidus was the only prey species trapped on the island, but a number of prey species were trapped on the mainland (e.g., Peromyscus and Neotoma; Means 2017). The mainland population, therefore, may feed on a broader range of prey species and possess a more generalist venom phenotype, whereas the island population may feed solely (or at least predominantly) on S. hispidus and possess an extremely specialized venom phenotype.
Although we identified significant toxicity differences between island and mainland C. adamanteus, we needed to identify the underlying process that produced this pattern. We next used genomic and proteomic approaches to identify the causal genetic mechanism underlying the identified adaptive phenotypic variation.
Significant Expression Differentiation in Low-Expression Venom Proteins
To determine if island (n ¼ 19) and mainland (n ¼ 11) populations exhibited significant differentiation in toxin expression, we used reversed-phase high-performance liquid chromatography (RP-HPLC) to compare venom expression levels and detected significant differentiation in toxin expression (P ¼ 0.006), consistent with previous studies (Margres et al. 2015 (Margres et al. , 2016a . Margres et al. (2016a) compared these two populations and found that the expression levels of abundant venom protein peaks (i.e., expressed > geometric mean) were conserved with significant expression differentiation restricted to low-expression protein peaks (i.e., expressed < geometric mean). These expression differences were hypothesized to be the result of stronger stabilizing selection and more limiting physiological constraints on high-expression proteins, reducing the amount of standing expression variation in abundant relative to less abundant toxins. Here, because differentially expressed RP-HPLC peaks contained multiple proteins (Margres et al. 2016a ), we could not resolve which particular toxin(s) exhibited the significant differentiation; any number, but not necessarily all, of the venom proteins detected in a given peak could be differentially expressed.
To address this lack of resolution, we performed quantitative mass spectrometry on the venom samples of five individuals from each population to identify which specific toxins were most differentially expressed across populations ( fig. 3) . Consistent with previous work (Margres et al. 2016a ), highexpression venom proteins (as defined above) were largely conserved (R 2 ¼ 0.802), and low-expression venom proteins exhibited substantial intra and interpopulation variation (R 2 ¼ 0.458; fig. 3A ). We next calculated residuals for each venom protein and identified candidate toxins in the upper and lower 2.5% of the residual distribution; these toxins represent the most differentially expressed proteins in the mass spectrometry data set and, therefore, should be major contributors to the significant expression and toxicity differences identified above. We identified two proteins that were more highly expressed in the island population (snake venom type III metalloproteinases (SVMPIII) 4 and 5), and two proteins that were more highly expressed in the mainland population (myotoxin 2, phosphodiesterase 1; fig. 3B ). The five largest residuals, indicating an upregulation in the island population, all belonged to the SVMP gene family, suggesting that this 
FIG. 2.
Reciprocal toxicity assays demonstrated that island and mainland Crotalus adamanteus populations were locally adapted. Island and mainland venoms satisfied local-versus-foreign and home-versus-away criteria. Venom toxicity (LD 50 ), our proxy for fitness, is measured in mg/kg and shown on the y-axis. Because a lower LD 50 represents a more toxic or effective venom, we plotted inverse values to allow fitness to increase on the y-axis. Error bars represent 95% confidence intervals. The number of Sigmodon hispidus used per assay was as follows: island venom injected into island prey (n ¼ 26), island venom injected into mainland prey (n ¼ 18), mainland venom injected into island prey (n ¼ 24), and mainland venom injected into mainland prey (n ¼ 27). Abbreviations: LD 50 , median lethal dose. We performed quantitative mass spectrometry on the venom samples of five individuals from each population to identify which loci were most differentially expressed. Consistent with previous results, we found that high-expression venom proteins were largely conserved (R 2 ¼ 0.802), and low-expression venom proteins were differentially expressed across populations (R 2 ¼ 0.458). (B) A plot of the four outlier loci; outliers were identified in the upper and lower 2.5% of the residual distribution and represent the most differentially expressed toxins. Expression values were centered logratio transformed prior to plotting. Bars indicate standard deviation, the solid line indicates a perfect agreement (slope ¼ 1), dashed lines indicate the origin (the geometric mean), and proteins less than these values were considered low-expression proteins. Abbreviations: MYO, myotoxin; PDE, phosphodiesterase; SVMPIII, snake venom type III metalloproteinase. Margres et al. . doi:10.1093/molbev/msx231 MBE concerted regulation may be the result of parallel regulatory changes.
Our results again indicated that the expression levels of highly expressed proteins evolve under considerable constraints, and rapid, adaptive divergence in expression may be restricted to low-expression proteins over ecological timescales (Margres et al. 2016a ). Because we identified significant expression differentiation, we next used target enrichment to sequence all toxin genes to assess the relative roles of expression and coding-sequence changes in polygenic adaptation.
Paucity of Sequence Divergence Indicates Expression Differentiation Was the Genetic Basis of Polygenic Adaptation
To identify potential adaptive mutations in toxin codingregions, we used target enrichment to sequence all 59 toxin loci identified in the venom-gland transcriptome ) and >1,000 neutral loci for ten individuals from each population; these neutral loci were comprised of nontoxin exons identified in the venom-gland transcriptome (Margres et al. 2015) , anchored loci Ruane et al. 2015) , and anonymous loci (see Materials and Methods for details). We identified 160 single nucleotide polymorphisms (SNPs) in 41 toxin loci and 4,063 SNPs in 1,077 neutral loci; 18 toxin loci did not possess variable sites. We calculated mean Weir and Cockerham's F ST estimates for all locus data sets (toxin, nontoxin, anchored, and short and long anonymous; see Materials and Methods) and found that mean neutral divergence (F ST ¼ 0.023-0.033) exceeded mean toxin divergence (F ST ¼ 0.013) for all four classes of neutral loci (table 3) .
These estimates and comparisons, however, were based on all loci, and we did not expect all toxin loci to be evolving under strong, directional selection, especially over a timescale of only a few thousand years. To determine which toxin loci exhibited the most differentiation, we compared the perlocus toxin F ST estimates (n ¼ 41) to the distribution of the per-locus neutral F ST estimates (n ¼ 1,077); the neutral loci provided a null distribution, and we identified toxins as being significantly differentiated between populations if the locus exceeded the 95% percentile of the null distribution. F ST -based approaches for measuring differentiation between parental (i.e., mainland) and derived (i.e., island) populations have been shown to effectively capture derived polymorphisms due to selection (Innan and Kim 2008) . We identified three toxin loci that exceeded the 95th percentile of the neutral distribution: Nerve growth factor 1 (NGF-1), SVMPII-4, and vascular endothelial growth factor 1 (VEGF-1; fig. 4A ). Nonsynonymous changes were identified in SVMPII-4 and VEGF-1. For SVMPII-4, the island population only possessed the major, shared alleles with alternative alleles at low frequency (0.20) in the mainland population. The nonsynonymous variant in VEGF-1 was present in both populations, but also at low frequency (0.30 in the island and 0.05 in the mainland), suggesting that these variants were not responsible for the identified adaptive divergence in venom function (table 4) . We next compared F ST estimates on a site-by-site basis, comparing all toxin SNPs to all neutral SNPs to identify specific outlier mutations within toxinencoding genes; the neutral variants again provided the null distribution ( fig. 4B ). We identified two specific variants, both synonymous changes in NGF-1 (table 4) , that exceeded the 95th percentile of the neutral distribution. Because these specific variants were synonymous, we argue that these alleles did not exhibit significant functional effects. The lack of fixed or nearly fixed nonsynonymous differences provides strong evidence that coding-region mutations were not responsible for the identified adaptation.
The debate as to whether mutations in regulatory or coding regions are the primary mechanism underlying adaptive phenotypic divergence has received substantial attention (e.g., Carroll 2008; Hoekstra and Coyne 2007) , but the relative importance of either mutational class in polygenic traits was unclear. Coding variants are the most abundant mutations recovered in yeast laboratory experiments (Kvitek and Sherlock 2011) , and some have argued that these variants are responsible for nearly all adaptive changes between closely related taxa (Hoekstra and Coyne 2007) . These estimates, however, were based on traits with simple genetic bases, and genomic architecture can affect the rate and mechanism of adaptation. Fraser (2013) recently found that expression differentiation was $10Â more likely to lead to putative adaptation than changes to protein sequences in humans, although functional verification and links to specific phenotypic effects were not possible. Similarly, an evolveand-resequence study found that the majority of adaptive changes in mammalian aerobic metabolism was linked to differential expression, but these loci evolved under artificial selection, and not all loci had an obvious association with the metabolic phenotype (Konczal et al. 2015) . Here, the clear genotype-phenotype-function relationship in venom allowed us to determine that rapid adaptation in a polygenic trait proceeded predominantly, or potentially exclusively, through expression differentiation, and this may be the result of greater opportunity for expression changes relative to coding-region variation. Genetic constraints can bias adaptive trajectories, and evolution may be more likely in the direction of greater opportunity, either in the form of genetic variation (Chenoweth et al. 2010) or types of mutational mechanisms (Rokyta et al. 2015b) . Disregarding the probability of generating beneficial variation, more mutational mechanisms exist for altering the amounts of proteins produced than for altering their functions through their coding-sequences. The latter can only occur through point mutations in specific regions of a protein, whereas expression evolution can occur through regulatory mutations (Manceau et al. 2011 ), copy-number Rapid Adaptation in a Polygenic Trait . doi:10.1093/molbev/msx231 MBE variation , microRNA regulation (Huntzinger and Izaurralde 2011) , and translational efficiency among other mechanisms. We therefore might expect that, without any innate, trait-specific bias, traits may preferentially evolve through mutations affecting expression. Our data clearly support this expectation, but additional systematic comparisons of coding-region divergence and expression variation are needed to characterize the relative frequencies of different molecular mechanisms underlying adaptive polygenic evolution.
The Relationship between Local Adaptation and Gene Flow
Traditional theory described gene flow as a homogenizing force that opposes directional selection and prevents local adaptation (Slatkin 1987) , but more recent work has recognized that the interaction between gene flow and selection can be complex (Garant et al. 2007 ). High levels of gene flow may not only disrupt local adaptation, but also stimulate adaptive evolution in certain scenarios, such as in inbred populations, by increasing genetic and phenotypic variation on which selection can act (Fitzpatrick et al. 2015) .
To determine whether the identified adaptive expression differentiation between island and mainland populations occurred in the presence or absence of gene flow, we designed four migration models using Migrate-n v. 4.2.8 (Beerli 2008) and used marginal likelihoods to compare models that differed in the number of migration parameters to test the directionality of gene flow ( fig. 5 ). For all three data sets (anchored, long anonymous, and short anonymous loci; see We compared F ST estimates on a site-by-site basis, comparing all toxin SNPs to that of all neutral SNPs to identify specific outlier mutations within toxin-encoding genes; the neutral variants provided the null distribution. We identified two synonymous variants, both in NGF-1, that exceeded the 95th percentile of the neutral distribution. Abbreviations: NGF, nerve-growth factor; SVMPII, snake venom metalloproteinase type II; VEGF, vascular endothelial growth factor. Codon (AA)
NOTE.-All four nonsynonymous SNPs in SVMPII-4 were absent from the island population, and the nonsynonymous change in VEGF-1 was at low frequency (0.30) in the island population. Toxin abbreviations: NGF, nerve-growth factor; SVMP, snake venom metalloproteinase; VEGF, vascular endothelial growth factor.
Margres et al. . doi:10.1093/molbev/msx231 MBE Materials and Methods), the best-supported model was the panmixia model, where a single effective population size was estimated, indicating that island and mainland individuals belong to the same randomly mating population. This model had very strong support (model probability $1.0) across all data sets. Given these results, whether the identified adaptive divergence occurred in the presence or absence of gene flow was unclear given the timescale; the lack of divergence across all neutral loci (table 3) could have been the result of high migration rates or a lack of time for neutral differentiation to occur. If the best model accurately captured historical migration rates, the identified adaptation would have occurred under relatively strong directional selection given the timeframe and high migration rates. Under this scenario, we would expect few adaptive loci of large effect because loci under the strongest divergent selection would most readily resist gene flow (Savolainen et al. 2013) . If the best model did not accurately capture historical migration rates, and the lack of neutral divergence simply reflected the extremely short timescale over which divergence occurred, then adaptation occurred in the absence, or with low levels, of gene flow. Under this scenario, we would expect many loci of small effect; given the time constraint, however, many adaptive loci of any effect size seemed unlikely. Therefore, it was not possible to distinguish between these two alternatives.
Conclusion
We constructed a genotype-phenotype-fitness map for a polygenic trait in natural populations and found that expression differentiation was exclusively the genetic basis of polygenic adaptation in venoms. The identified expression differentiation was biased toward low-expression proteins, suggesting that high-expression toxins may perform generic killing functions and low-expression toxins may exhibit preyspecific effects (Margres et al. 2016a ); even though differentially expressed proteins were at low-abundance in the venom proteome, these proteins appear to exhibit large fitness effects. The lack of sequence divergence indicated that each population possessed the same toxin arsenal, demonstrating that the relative amounts of specific proteins can significantly alter venom toxicity and phenotypic function, perhaps through synergistic activities.
Although our fitness assays demonstrated that even the most susceptible S. hispidus populations exhibited significantly greater resistance to C. adamanteus venom than lab mice (LD 50 $2-4 mg/kg; Rokyta et al. 2017) , indicative of past selection on S. hispidus, venom, not venom resistance, exhibited a pattern of local adaptation. Predator local adaptation is surprising given theoretical predictions based on population size, generation time, and selective pressures, all of which should lead to a more rapid evolutionary response in the prey (Dawkins and Krebs, 1979) . Predator local adaptation however, at least in rattlesnakes, may be a more general trend than previously thought (Holding et al. 2016 ). We propose three noncompeting explanations for this nonintuitive pattern.
First, differences in genomic architecture can directly influence the rate and mechanism of adaptive evolution (Rosenblum et al. 2010; Lourenco et al. 2013) , and perhaps the most important aspect of coevolutionary adaptation for predator-prey systems is the relative rates at which they coevolve. Most identified venom resistance factors are monogenic (e.g., Biardi et al. 2011; Jansa and Voss 2011) , and the polygenic architecture of the venom system may increase the evolvability of venom to where it exceeds the evolvability of the resistance phenotype in prey. Second, differences in migration rates between species can contribute to the identified pattern of predator adaptation, with the more mobile species able to adapt more rapidly than the more sedentary species (Thompson et al. 2002; Garant et al. 2007 ). Therefore, we may expect greater migration rates in snake predators than in their prey, although our migration analyses were equivocal in regards to the effective number of C. adamanteus migrants per generation. Lastly, the presumed strong selection on S. hispidus may not be strong enough to elicit a coevolutionary response due to diffuse selection; if many species consume S. hispidus (e.g., mesopredators, avian predators, other snake species), the importance of the C. adamanteus-S. hispidus interaction may have been unidirectional where S. hispidus was an important prey source for C. adamanteus, but C. adamanteus was not an important source of mortality for S. hispidus.
Overall, our results provide a clear example of the importance of expression differentiation in rapid, polygenic adaptation, and more integrative studies are needed to systematically compare the relative frequencies of different molecular mechanisms underlying rapid, adaptive evolution in polygenic traits. Migrate-n models. We used Migrate-n, a coalescent-based approach, to estimate migration rates (M) and effective population sizes (h) across four different models: 1) a full migration model with two population sizes and bidirectional migration, 2) two population sizes and unidirectional migration from mainland to island, 3) two population sizes and unidirectional migration from island to mainland, and 4) a panmictic model where we estimate a single population size with no migration. Bayes factors were used to select the best model.
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Fitness Assays
Sigmodon hispidus were brought to the lab for LD 50 assays; these assays determined the amount of venom required to kill half of an experimental group over a specified amount of time. We pooled the venoms of 10 mainland and 9 island adult C. adamanteus in equal quantities. Individual S. hispidus were allocated to a standardized concentration of venom to be injected, and appropriate amounts of pooled venom were dissolved in 100 ml of 0.9% sterile saline solution; venom doses were calculated based on individual S. hispidus mass. Because specific venoms were expected to possess different toxicities in different prey populations, we used an up-and-down procedure to determine the next concentration of venom to be injected, and concentrations ranged from 2 to 500 mg/kg. Individuals were injected pseudointraperitoneally in the lower right quadrant at a depth of 2-4 mm as this mimicked the natural route of delivery during envenomation. To minimize the number of animals used, we used 3-6 specimens per concentration including the control, and 6-8 concentrations per assay. We conducted four assays: island venom injected into island prey (n ¼ 26), island venom injected into mainland prey (n ¼ 18), mainland venom injected into island prey (n ¼ 24), and mainland venom injected into mainland prey (n ¼ 27). The number of individuals that did not survive the assay over a 48 h period were used to calculate toxicity. We calculated toxicity as both the LD 50 and median effective dose (ED 50 ) for each assay. To calculate the LD 50 , we used the Trimmed-Spearman Karber method (Hamilton et al. 1977) via the tsk function in R (Stone 2015) and log doses. To provide a second, independent confirmation of our toxicity calculations, we calculated the ED 50 ; we used the mselect function from the drc R package (Ritz et al. 2015 ) to select a model for the dose$response function. The best model was selected based on Akaike's information criterion (AIC), and we tested log-logistic (2-5 parameters) and Weibull (1-4 parameters) functions for each of the four estimates. We then used the drm function to fit a dose$response function (given the best model from mselect) to calculate the ED 50 . The comped function (i.e., ratio test; Wheeler et al. 2006 ) was then used to determine if ED 50 estimates were significantly different; here, the ratio of ED 50 s was calculated, and no significant difference existed between the estimates if the confidence intervals for the ratio contained 1. These procedures were approved under IACUC protocol #1333.
Proteomic Analyses
Twenty-five RP-HPLC protein peaks were quantified per venom sample and analyzed using a nonparametric MANOVA as previously described (Margres et al. 2016a) . Raw RP-HPLC data are in supplementary file 1, Supplementary Material online. Nanospray LC/MS E was performed by the Florida State University College of Medicine Translational Science Laboratory using the Synapt G2 HD Mass Spectrometer with a nanoAcquity UPLC (Waters Corp.) as previously described (Rokyta et al. 2015a) . Five individual venom samples from each population were run in triplicate. Proteins were identified using the ProteinLynx Global SERVER IdentityE algorithm to search a database containing entries specific to the venom-gland transcriptome ) and the standard. All proteins retained in the final analyses had 0% false positive rates (FPR), and any protein not detected in all three replicates was excluded; the all-peptide quantification method used here and described elsewhere (Rokyta et al. 2015a ) is based on the same principles underlying iBAQ (Schwanhausser et al. 2011) . Because these data were compositional, we used the centered logratio (clr) transformation (Egozcue et al. 2003) to transform the data using the robCompositions package (Templ et al. 2011) in R prior to downstream analyses.
Probe Design
Toxin probes were designed as previously described . Probes for 200 nontoxin exons identified in the venom-gland transcriptome (Margres et al. 2015 ) were designed as previously described . Anchor target loci were obtained from Ruane et al. (2015) , which were derived from Lemmon et al. (2012) . To increase enrichment efficiency, low coverage genomic reads from four pit-viper species (five individuals; described in Margres et al. 2017) were mapped to the Indian python (Python molurus) and the brown reed snake (Calamaria pavimentata) reference anchor sequences using the spaced-kmer approach previously described (Ruane et al. 2015) . The resulting homologous consensus sequences were then aligned using MAFFT (v7.023b; Katoh and Standley 2013) and trimmed in Geneious (v.7; Kearse et al. 2012) . A total of 348 anchor targets were retained in this process. Anonymous target loci were identified by Grazziotin et al. (unpublished) ; the jararaca snake (Bothrops jararaca) and the lancehead (Bothrops atrox) genomes were each sequenced at 15Â coverage on an Illumina 2500 sequencer with 150 PE reads. Overlapping reads were merged (Rokyta et al. 2012 ) and evaluated for coverage and length. For each species, 10,000 reads with $15Â coverage and 175-225 bp were selected as preliminary targets. Merged reads were then reciprocally mapped to identify loci sufficiently similar across species; well-aligned regions were selected as targets (1,500 regions at 200 bp and 500 regions at 2000 bp). To develop enrichment probes suitable Margres et al. . doi:10.1093/molbev/msx231 MBE across pit vipers, genomic reads from the five individuals used for the anchor loci (described above) were mapped to the Bothrops anonymous targets using a spaced k-mer approach (Ruane et al. 2015) . Consensus sequences were then aligned for each locus using MAFFT. After trimming to remove poorly-aligned regions, loci with repetitive elements were identified and removed (Hamilton et al. 2016) . A total of 240 long anonymous ($2,000 bp) and 829 short anonymous ($250 bp) targets were retained. The final probe kit contained 57,292 probes ).
Library Preparation and Sequencing
Samples were sequenced as previously described . Briefly, genomic DNA was extracted for 140 C. adamanteus and hybrid enrichment data were collected through the Center for Anchored Phylogenomics at Florida State University (www.anchoredphylogeny.com). Sequencing was performed in the Translational Science Laboratory in the College of Medicine at Florida State University, and all samples were sequenced on either (1) one PE150 Illumina HiSeq2500 lane, or (2) one PE150 Illumina HiSeq2500 lane and again on one PE200 Illumina HiSeq2500 as previously described . Ten mainland and ten island individuals were extracted from the full data set for this study.
Processing and Alignments
To generate reference sequences for all neutral loci to be used in alignments for variant calling, reads were merged with PEAR (Zhang et al. 2014) . Merged and unmerged reads for all 140 samples were assembled with NGen version 12.3.1 (Rokyta et al. 2015b) ; contigs comprised of ! 10 reads were retained. Assembled contigs for all samples with lengths ! 300 nt were clustered using cd-hit-est version 4.6 (Li and Godzik 2006) with a global match proportion of 0.98, and only clusters including sequences from at least 20% of all 140 samples were retained. To restrict our set of reference contigs to only those loci we targeted, the clustered contigs were clustered again with each set of reference sequences (used in probe design) from each type of locus (e.g., anchored) with cd-hit-est with a global match proportion of 0.95. To avoid inclusion of spurious or repeat sequences in our references, we truncated each identified contig 150 nucleotides from each end of the target sequence.
Reads for ten mainland and ten island individuals were merged with PEAR (Zhang et al. 2014) . We used the BWA-MEM algorithm (Li and Durbin 2009) to generate alignments using the neutral references and the 59 toxin transcripts as the index. We used merged and unmerged reads for assembly, and reads with > two gaps/ mismatches relative to the reference were removed. We then conducted local realignments in GATK (McKenna et al. 2010; DePristo et al. 2011 ).
Variant Calling
Variant calling was performed in GATK (McKenna et al. 2010; DePristo et al. 2011) for 10 mainland and 10 island individuals across two data sets: a neutral data set containing alignments to the anchored, long anonymous, short anonymous, and nontoxin loci, and a toxin data set containing alignments to the 59 toxin transcripts from Rokyta et al. (2017) . Variants matching any of the following criteria were removed: quality by depth (QD) < 2.0, Phred-scaled P-value (FS) > 60.0, root mean square of the mapping quality (MQ) < 40.0, MQ rank sum test approximation (MQRankSum) of 12.5, and a read position rank sum test approximation (ReadPosRankSum) of 8. Individual samples with a genotype quality < 99 for 80% of the variants and/or coverage < 10 for 50% of the variants were removed; individual SNPs where ! 9 individuals had depth of coverage < 10 and/or a genotype quality < 99 were removed. Because most toxins belong to large gene families (Casewell et al. 2009; Margres et al. 2017) , the toxin data set required additional filtering to eliminate confounded paralogs and/or pseudogenes in the alignments. All SNPs with a genotype quality < 99 and depth of coverage < 10 were removed, and all alignments containing putative toxin SNPs were verified manually.
Population Genetic Estimates
We estimated Weir and Cockerham's mean F ST using vcftools (Danecek et al. 2011) for the neutral and toxin SNP data sets.
To generate sequence alignments for migration rate estimation, we performed the following assembly approach for the anchored, short anonymous, and long anonymous loci for ten individuals from each population. Following sequencing, paired reads were merged prior to assembly following (Rokyta et al., 2012) . In short, for each degree of overlap each read pair was evaluated with respect to the probability of obtaining the observed number of matches by chance. The overlap with the lowest probability was chosen if the P-value was <10
À10
. Read pairs with a P-value below the threshold were merged and quality scores were recomputed for overlapping bases. Read pairs failing to merge were utilized but left unmerged during the assembly.
Divergent reference assembly was used to map reads to the probe regions and extend the assembly into the flanking regions; Calamaria pavimentata was chosen as the reference for the anchored assembly (Prum et al. 2015; Ruane et al. 2015) and B. jararaca was chosen as the reference for the anonymous assemblies. Matches were called if 17 bases matched a library of spaced 20-mers derived from the conserved reference regions. Preliminary reads were then considered mapped if the 55 matches were found over 100 consecutive bases in the reference sequences (all possible gap-free alignments between the read and the reference were considered). The approximate alignment position of mapped reads were estimated using the position of the spaced 20-mer, and all 60-mers existing in the read were stored in a hash table used by the de novo assembler. The de novo assembler identifies exact matches between a read and one of the 60-mers found in the hash table. Simultaneously, using the two levels of assembly described above, the three read files were traversed repeatedly until a pass through the reads produced no additional mapped reads. For each locus, a list of all 60-mers found in the mapped reads was compiled and 60-mers were clustered if found together in at least two reads. Contigs were estimated from Rapid Adaptation in a Polygenic Trait . doi:10.1093/molbev/msx231 MBE 60-mer clusters. In the absence of contamination, low coverage, or gene duplication, each locus should produce one assembly cluster. Consensus bases were called from assembly clusters as unambiguous base calls if polymorphisms could be explained as sequencing error (assuming a binomial probability model with the probability of error ¼ 0.1 and a ¼ 0.05). Otherwise ambiguous bases were called (e.g., "R" was used if "A" and "G" were observed). Called bases were soft-masked for sites with coverage < 5. Assembled contigs derived from < 25 reads were removed in order to reduce the effects of cross contamination and rare sequencing errors in index reads.
After grouping homologous sequences obtained by enrichment, orthology was determined for each locus following Prum et al. (2015) . For each locus, pairwise distances among homologs were computed using an alignment-free approach based on percent overlap of continuous and spaced 20-mers. Using the distance matrix, sequences were clustered using a Neighbor-Joining algorithm, but allowing at most one sequence per individual to be in a given cluster. Note that flanks recovered through extension assembly contain more variable regions and allow gene copies to be sorted efficiently. In order to reduce the effects of missing data, clusters containing fewer than 50% of the individuals were removed from downstream processing.
Orthologous sequences were processed using a combination of automated and manual steps in order to generate high quality alignments. Sequences in each orthologous cluster were aligned using MAFFT (v7.023 b; Katoh and Standley 2013) , with "-genafpair" and "-maxiterate 1000" flags utilized. The alignment for each locus was then trimmed/masked using the steps from Prum et al. (2015) . First, each alignment site was identified as conserved if the most commonly observed character was present in >40% of the sequences. Second, using a 20 bp window, each sequence was scanned for regions that did not contain at least 10 characters matching to the common base at the corresponding conserved site. Characters from regions not meeting this requirement were masked. Third, sites with fewer than 10 unmasked bases were removed from the alignment. A visual inspection of each masked alignment was carried out in Geneious (v7; Kearse et al. 2012) . Regions of sequences identified as obviously misaligned or paralogous were removed. Individual loci were removed if any individual was absent from the alignment and/ or if the shortest sequence was <50% of the length of the longest sequence in the alignment. Final alignments were generated by eliminating gaps and trimming each locus to the shortest locus in the alignment to eliminate missing data. The final alignments for analyses were as follows:
(1) Anchored loci (n ¼ 329; 535,894 sites) (2) Long anonymous loci (n ¼ 266; 421,196 sites) (3) Short anonymous loci (n ¼ 721; 453,235 sites)
We designed migration models using Migrate-n v. 4.2.8 (Beerli 2008) to estimate effective population sizes (h ¼ 4N e m) and historical migration rates (M ¼ m=m) across island and mainland populations for C. adamanteus. Migraten uses a coalescent framework and assumes an n-island model in which genetic material is exchanged only through migration and not population divergence. As previously described by Beerli and others (Beerli and Felsenstein 1999, 2001; Beerli and Palczewski 2010; Barrow et al. 2015) , marginal likelihoods can be used to compare models that differ in the number of migration parameters to test the directionality of gene flow and connectivity of populations, and models that combine populations can be compared with those that divide populations in order to determine whether individuals come from the same randomly mating population. We used three neutral loci data sets described above to compare the following four models ( fig. 5 ):
(1) Two effective population sizes and bidirectional migration (mainland $ island; four parameters) (2) Two effective population sizes and unidirectional migration (mainland ! island; three parameters) (3) Two effective population sizes and unidirectional migrational (island ! mainland; three parameters) (4) A single panmictic population; one effective population size and no migration (single parameter)
All analyses were run on the High Performance Computing Cluster at the Research Computing Center at Florida State University, and each locus type (e.g., anchored) was analyzed independently. We varied the prior settings with a full model (i.e., all parameters estimated) for all three data sets before choosing uniform priors for h (Minimum ¼ 0, Maximum ¼ 0.10, Delta ¼ 0.01) and M (Minimum ¼ 0, Maximum ¼ 10,000.00, Delta ¼ 1,000.00). We conducted 20 replicates for each model with a static heating scheme using four chains, discarded 40,000 trees as burn-in, and recorded 40,000 steps with an increment of 100 (resulting in 80 million samples) as described by Barrow et al. (2015) . We used the same prior settings and search parameters when testing all models. Parameter posterior distributions were used to assess convergence (i.e., single peaks with smooth curves). Bayes Factors were calculated as the ratio of the marginal likelihoods (approximated by thermodynamic integration with Bezier approximation; Beerli and Palczewski 2010) to calculate model probabilities; these probabilities were used to select the most appropriate model.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
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